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 Growth during the larval stage can have important effects on future foraging and growth 
performance, as well as subsequent survival and recruitment to the fishable population. Preferred 
prey abundance and temperature have both been shown to influence larval fish growth in a 
variety of ecosystems. Toward improving our understanding of how these factors influence 
larval yellow perch (Perca flavescens) growth in Lake Erie, I examined the relationship between 
temperature, ambient zooplankton abundance, and larval yellow perch diets and growth rates in 
Sandusky Bay (Ohio) during 1994–1998, 2017, and 2018. I hypothesized that both preferred 
prey abundance and temperature would enhance the growth of larvae. Using linear modeling, I 
found that preferred zooplankton prey availability was unrelated to larval yellow perch growth 
(cyclopoid: t = 3.90, p = 0.06; calanoid: t = 1.06, p = 0.40), which was unexpected. Similarly, 
temperature during the time when larval yellow perch were caught was unrelated to growth        
(t = -3.80, p = 0.06). Furthermore, while mean April temperature (an indicator of the spring 
thermal conditions) was related to larval yellow perch growth rate, this relationship was 
unexpectedly negative (t = -5.14, p = 0.04). Because I am uncertain of why my expectations 
were not borne out, I recommend future research to evaluate other metrics of spring and prior 
winter conditions (e.g., overwinter ice-cover, winter degree days for adult yellow perch, spring 





 Growth can influence the recruitment of fish by determining how long individuals remain 
vulnerable to predation and starvation during early life stages (Miller et al. 1988, Post and Evans 
1989, Houde 2008), yet, our understanding of the factors that regulate early-life growth in most 
ecosystems is limited. A range of factors, both biotic and abiotic, can influence growth. For 
example, inadequate prey availability can slow growth and lead to starvation (Bremigan et al. 
2003, Graeb et al. 2004, Fulford et al. 2006a). Likewise, temperature can influence growth 
directly by altering metabolic processes (Ney and Smith 1975, Power and Heuvel 1999, Ludsin 
et al. 2014) and indirectly by influencing prey availability and maternal effects, among other 
things (Durant et al. 2007, Kristiansen et al. 2011, Farmer et al. 2015). Because the relative 
importance of these factors typically varies throughout ontogeny, among ecosystems, and 
through space and time, critical knowledge gaps exist regarding their relative influence on 
foraging, growth, and eventual recruitment (Claramunt and Wahl 2000, Ludsin et al. 2014). 
Understanding the drivers of early life performance in fish is especially critical given the 
increasing degree of anthropogenic change that many ecosystems are experiencing (Prout et al. 
1990, Nicholls and Hopkins 1993, Durant et al. 2007). 
 One ecosystem that has been experiencing a great deal of environmental change is Lake 
Erie (USA–Canada). Both temperature and zooplankton abundance have increased due, in part, 
to climate change (Hayhoe et al. 2010, Farmer et al. 2015). Invasive species introductions and 
variation in nutrient inputs have further altered zooplankton abundance in Lake Erie (Nicholls 
and Hopkins 1993, Briland 2018). Our understanding of the effects of these changes on fish 
recruitment has been improving but remains incomplete (Ludsin et al. 2014). It is important that 
we continue to improve this understanding, as doing so may help us to understand the 
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demographics and dynamics of fish populations and the vital fisheries that they support (Houde 
2008, Ludsin et al. 2014, Pritt et al. 2014). 
 One population for which we lack a full understanding of the recruitment process is 
western Lake Erie yellow perch (Perca flavescens), which has been highly variable during recent 
decades in Lake Erie (Belore 2020). This population is of both ecological and economic 
importance, and helps support the lake’s largest commercial fishery and second-largest 
recreational fishery (Kayle 2018). While much research has been conducted on Lake Erie yellow 
perch, gaps remain in our understanding of the factors that affect growth of larvae, which 
appears important to future survival (Reichert et al. 2010, Ludsin et al. 2014). For example, 
laboratory experiments have shown that the abundance of preferred prey items, which may be 
particularly important to larval yellow perch, can have substantial effects on larval yellow perch 
growth (Confer and Lake 1987, Graeb et al. 2004, Fulford et al. 2006a). However, less is known 
about how prey availability affects the growth of yellow perch larvae in Lake Erie (Reichert et 
al. 2010, Marin Jarrin et al. 2015, Marin Jarrin et al. 2017). Additionally, while temperature has 
frequently been shown to have a direct, positive effect on larval fish growth (Ludsin 2000), 
investigations of its effects on larval yellow perch growth have yielded mixed results (Henderson 
1985, Post and McQueen 1994, Power and Heuvel 1999). Consequently, our understanding of 
the relative importance of preferred prey abundance and temperature on yellow perch growth in 
Lake Erie remains speculative. 
 Toward filling these gaps, I estimated the average annual growth rates of yellow perch 
larvae collected from Sandusky Bay, Lake Erie, during seven years (1994–1998, 2017, and 
2018). I then identified preferred prey taxa, estimated the abundance of these taxa in the 
environment, and explored how variation in their abundance, as well as temperature, related to 
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larval yellow perch growth rate. Given the results of previous research in other ecosystems 
(Mills et al. 1989, Power and Heuvel 1999, Bremigan et al. 2003), I hypothesized that preferred 
prey abundance and temperature would both positively influence Lake Erie larval yellow perch 
growth rate. I predicted that preferred prey abundance would have a stronger effect on growth 
than temperature because of the inconclusive findings of previous studies that explored the 
effects of temperature on larval yellow perch growth (Henderson 1985, Post and McQueen 
1994). By testing this hypothesis, I sought to improve our understanding of the factors that affect 
larval yellow perch growth, which could potentially help us understand the causes of annual 




 Early-life conditions, especially temperature and prey availability, are important to larval 
yellow perch growth, survival, and subsequent recruitment to older life stages (Dettmers et al. 
2003, Ludsin et al. 2014). Yellow perch larvae hatch at 4–7 mm in total length (TL) during late 
April through early June in western Lake Erie (Mansueti 1964, Auer 1982, Brown et al. 1996, 
Ludsin 2000), and feed solely on zooplankton in the water column beginning a few days after 
hatching (Brown et al. 1996, Reichert et al. 2010, Marin Jarrin et al. 2015). The gape width of 
larvae limits the size of zooplankton that individuals can consume (Schael et al. 1991, Bremigan 
et al. 2003) and their poor swimming capabilities (Houde 1969) may restrict the ability of larvae 
to catch fast or evasive prey taxa (e.g., large, calorific calanoid copepods; Nassal et al. 1998). 
Therefore, unavailability of certain prey may negatively affect larval yellow perch growth, which 
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could reduce survival to older life stages (Miller et al. 1988). For this reason, I used somatic 
growth rate as a proxy for eventual recruitment. 
Field collections 
 During 1994–1998, 2017, and 2018, larval yellow perch were collected weekly during 
late April through June (Table 1) from multiple locations (n = 3–6) in Sandusky Bay, Lake Erie, 
using paired 0.5-m diameter bongo nets (2017–2018), 1-m diameter ichthyoplankton nets (2017–
2018), or 1 m × 2 m neuston nets (all years). All nets were towed for 5 to 10 min at the surface. 
Nets were equipped with 500-µm mesh early in the sampling season, with mesh size increasing 
to 1000 µm later in the season to allow for faster tow speeds necessary to capture larger, faster 
larvae. Captured larvae were preserved and stored in 95% ethanol until laboratory analysis, 
where yellow perch were identified under dissecting microscopes using myomere counts that 
differentiated between species of similar appearance (Auer 1982).  
Zooplankton were collected at each site from which larval yellow perch were collected 
using 0.3-m diameter nets during 1994–1998 and 0.5-m diameter nets during 2017–2018. Nets 
were equipped with 64-µm or 153-µm mesh during 1994–1998, whereas only 64-µm mesh nets 
were used during 2017–2018. The volume of water sampled by nets was calculated as the 
product of the depth of each vertical tow and the area of the net mouth. These volumes were then 
corrected for the filtration efficiency of the mesh under turbid conditions (35.4% efficiency for 
64-µm mesh, 100% efficiency for 153-µm mesh; Mack et al. 2012). Zooplankton were preserved 
in 70% ethanol during 1994–1998 and 40% sugar formalin during 2017–2018 until samples were 
processed in the laboratory. 
Zooplankton quantification methods varied slightly between the two time periods. During 
1994–1998, subsamples of zooplankton were counted until at least 50 individuals of the same 
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taxonomic group (typically genus) were identified from each sample, whereas during 2017–
2018, counts were conducted until at least 100 individuals of the same taxonomic group 
(typically genus) were identified in each sample. Smaller taxa (i.e., copepod nauplii, rotifers, and 
dreissenid veligers) were identified but excluded from analyses because they were too small to 
be sampled reliably by the 153-µm nets used during 1994–1998. These species also were rare in 
diets (<4% by abundance and <1% by biomass). While previous research has shown that the two 
counting methods used to estimate zooplankton abundance differ in their precision, my exclusion 
of rare and small taxa and use of broad taxonomic groupings likely improved their comparability 
(Mack et al. 2012). The length (nearest 0.01 mm) of the first 22 individuals identified from each 
taxon was measured during 1994–1998, whereas only the first 20 individuals were measured 
during 2017–2018. Zooplankton biomass (µg/L, dry mass) was estimated using length-mass 
equations (Dumont et al. 1975, Culver et al. 1985). 
Prey availability and diet selectivity 
 The contents of larval yellow perch guts (undifferentiated stomach and intestinal tract) 
were analyzed until at least 10 individuals with non-empty guts were processed from each site 
and date. The diets of all yellow perch larvae were examined from each site and date where 
fewer than 10 individuals were collected. The TL of all larvae processed for diet analysis were 
measured to the nearest 0.1 mm with individuals measuring over 22.7 mm in TL (the maximum 
TL of larvae collected during 2017) being excluded from all analyses to ensure that the 
developmental stages and, therefore, feeding habits of larvae included in analyses remained 
consistent across years. Dry masses of larvae (nearest 0.1 mg) were calculated using a length-
mass regression developed using yellow perch larvae 9.5–22.5 mm in TL collected from the 
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western basin of Lake Erie during 1995 (E. Roseman, USGS, and S. Ludsin, The Ohio State 
University, unpublished data).  
Zooplankton consumed by larval yellow perch were identified to the same taxonomic 
resolution as zooplankton in the field. Similar to ambient zooplankton, the lengths (nearest 0.01 
mm) of the first 20–22 individuals of each prey taxon encountered in guts were measured. Diet 
item biomass was estimated using the same length-mass equations as for ambient zooplankton 
biomass (Dumont et al. 1975, Culver et al. 1985) and the total diet biomass of each larva was 
calculated as the summed biomass of each identifiable diet item (i.e., unidentifiable diet items 
were not included in the calculation). 
 Larval yellow perch selection for each prey taxon was calculated using Chesson’s α 






where r and n are the relative abundance of prey item i in the larval gut and in the environment, 
respectively, and m is the number of prey taxonomic groups. Chesson’s α was calculated for 
seven diet item categories (i.e., Bosmina, calanoids, Chydorus, cyclopoids, Daphnia, 
Diaphanosoma, and Leptodora) across all yellow perch larvae collected in a year. These seven 
taxa comprised >94% of biomass consumed and were also reliably sampled from the 
environment by both the 64-µm and 153-µm mesh nets (Mack et al. 2012). For my analyses, 
selection for a prey category was deemed positive or negative in a 3-mm larval yellow perch TL 
bin if the interquartile range (IQR) of Chesson’s α values for that prey type across all larvae with 
TLs in that bin did not encompass the Chesson’s α value of 1/7. This value indicates neutral 
selection (i.e., the proportion of that taxa in the diet matches the proportion of that taxa in the 
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environment) and was calculated as 1/n, where n is the number of prey taxa (i.e., 7; Chesson 
1978).  
Mean ambient density (individuals/L) was calculated during each year for the 
zooplankton taxa that were consistently positively selected (i.e., preferred) in every year. To 
calculate this annual mean, mean densities across sites within each week were calculated, with 
densities across all weeks in which larvae were collected averaged afterwards. The same was 
done for ambient zooplankton biomass (µg/L, dry mass).  
To account for the possibility that availability of preferred zooplankton prey taxa is only 
important for larval growth when those taxa are preferred during larval ontogeny, the ambient 
density and biomass of preferred prey taxa were also calculated during only the time period 
when each was preferred. Our methods for delineating periods of preference for each prey taxon 
and calculating abundance during the corresponding periods of preference are described in 
Appendix A (Supplemental Fig. A1). They will not be discussed here further because preferred 
prey availability during these periods was less closely related to yellow perch growth than 
preferred prey availability during the entire sampling period (Supplemental Tables A1 and A2) 
and was thus excluded from further analyses. 
Calculating growth 
 Average daily growth rates (mm/d) of larvae were estimated as (TL1 – TL0)/t, where TL1 
is the average length of larvae collected during a week, TL0 is the average length of larvae 
collected during the prior week of sampling, and t is the number of days between the midpoint of 
each sampling event. The average daily growth rates of larvae between each week of sampling 




I calculated two temperature metrics, given that temperature can affect the phenology of 
yellow perch spawning (and hence, larval appearance in the water column), as well as growth 
through metabolic processes (Kayes and Calbert 1979, Kaemingk et al. 2014). One temperature 
metric accounted for interannual differences in spring conditions and the appearance of larval 
fish in the water column (mean April temperature), whereas the second accounted for direct 
influences of temperature on larval yellow perch growth rates (termed “mean growing 
temperature”). Complete water temperature datasets were unavailable for each year. However, 
because air temperature is closely correlated with water temperature and is therefore an 
appropriate substitute for water temperature (McCombie 1959, Livingstone and Lotter 1998), I 
used air temperature data from the National Oceanic and Atmospheric Administration’s National 
Climatic Data Center (https://www.ncdc.noaa.gov/) to calculate mean April temperature and 
“mean growing temperature” (i.e., average temperature during only the period that larvae were 
collected) during 1994–1998, 2017, and 2018 (Supplemental Table A1). Each annual 
temperature metric was calculated by averaging the mean daily temperatures across the specified 
period during each year, where mean daily temperature was calculated as the average of the high 
and low temperature on that day. 
Data analysis 
 I used a general linear model to determine the extent to which variation in prey 
availability, mean April temperature, and mean growing temperature explained variation in the 
annual growth rates of yellow perch larvae. Prior to their inclusion in the model, I calculated 
Pearson’s correlation coefficients for all pairs of variables, including response (growth rate) and 
all predictor variables. Predictor variables that were closely correlated with other predictor 
variables (|Pearson’s r| > 0.7) were excluded from further analyses, including measures of 
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ambient copepod biomass (resulting in my use of ambient copepod density in my general linear 
model). Residuals were normally distributed, as assessed with a Q-Q plot, indicating that my 
data met assumptions of normality for a general linear model. All calculations and analyses 
excluded larvae from weeks in which fewer than 10 yellow perch larvae (with identifiable diet 




 Environmental conditions varied within and among years. Total ambient zooplankton 
density varied through time, with no consistent pattern in the relative abundance of different taxa 
within years or among them (Fig. 1). While copepod density also was highly variable within and 
among years, general trends of decreasing cyclopoid density and increasing calanoid density 
during May through June were evident during most years (Fig. 2). Mean April temperature 
ranged from 6.2ºC to 12.1ºC, and mean growing temperature ranged from 14.5ºC to 19.4ºC 
(Table 1). Ambient zooplankton density metrics were poorly correlated with temperature metrics 
(|Pearson’s r| < 0.7; Supplemental Tables A1 and A2). 
Diet biomass 
 Yellow perch diets and lengths varied predictably through time. The total biomass of 
identifiable diet items was positively related to the TL of yellow perch larvae throughout each 
year (Fig. 3). Total mass-specific consumption was more variable, but also generally increased 
during each year (Fig. 3C). Gape size appeared to limit the prey sizes that larvae consumed, as 
the size of the largest prey items consumed increased with gape size (Fig. 4).  
 Yellow perch diet composition did not reflect the relative abundance of zooplankton taxa 
in the environment. While the relative abundance of zooplankton taxa varied within and among 
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years (see Fig. 1), the most abundant taxon in diets was either cyclopoids or calanoids on all 
dates sampled during all years (Fig. 5). During most years, the number of cyclopoids consumed 
by larvae decreased through time, while the number of calanoids consumed increased through 
time (Fig. 6A, 6B). When I standardized copepod consumption by yellow perch dry mass, I 
found that cyclopoid consumption did generally decline throughout the sampling period (Fig. 
6C). However, trends of increasing calanoid consumption appeared to be confounded by 
increases in yellow perch mass through time (Fig. 6D). Trends in copepod consumption appeared 
to align with the general decrease in ambient cyclopoid density and general increase in ambient 
calanoid density observed within years (Fig. 2).  
Prey selectivity 
 Even so, my prey selectivity calculations indicated that copepod consumption was not 
simply dictated by ambient zooplankton abundance. Chesson’s α values indicated that larvae 
consumed disproportionately large numbers of cyclopoids at small larval TLs and calanoids at 
large larval TLs relative to their abundance in the environment (Fig. 7). During all years except 
1996, this pattern of copepod preference was characterized by strong positive selection 
(Chesson’s α IQR > 1/7) for cyclopoids at small larval TLs and neutral to negative selection for 
all other taxa. During 1996, selection for cyclopoids was neutral among small larvae (Chesson’s 
α IQR encompassed 1/7). By contrast, large larvae exhibited strong positive selection (Chesson’s 
α IQR > 1/7) for calanoids with neutral to negative selection for all other taxa during all years 
except for 2017 and 2018. During these latter two years, however, no more than 10 larvae with 
diet items in the gut belonging to any 3 mm TL bin > 14 mm were collected. In fact, except for 
cyclopoids and calanoids, selection was negative (Chesson’s α IQR < 1/7) at all larval yellow 
perch lengths for every zooplankton taxon other than Diaphanosoma. Selection for 
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Diaphanosoma was neutral (Chesson’s α IQR included 1/7) for 20–23 mm larvae during 1994 
and 11–20 mm larvae during 1996. Given these collective findings, cyclopoid and calanoid 
abundance appeared more likely to influence larval yellow perch growth than other taxa. 
Growth 
 Variation in annual average daily growth rates among years was low compared to that 
observed in similar studies of larval yellow perch growth (Weber et al. 2011, Kaemingk et al. 
2014). Annual average daily growth rates of yellow perch larvae ranged from 0.23 mm/d during 
1995 to 0.35 mm/d during 2018 (Fig. 8). However, variation in weekly average daily growth 
rates was high within years (Fig. 9). The weekly average daily growth rates of larvae increased 
during May through June during most years (Fig. 9).  
 To help explain annual growth variation, I built a general linear model that predicted 
annual larval yellow perch growth from mean April temperature, mean growing temperature, 
ambient cyclopoid density, and ambient calanoid density. This modeling showed that April 
temperature (my proxy for overall spring conditions) was the only significant predictor of growth 
and was negatively related to growth (Table 2 Fig. 10C). Larval yellow perch growth was 
marginally negatively related to mean growing temperature (Table 2, Fig. 10D).  Ambient 
cyclopoid density was marginally positively related to growth (Table 2, Fig. 10A), while ambient 
calanoid density was unrelated to growth (Table 2, Fig. 10B). 
 
Discussion 
 To improve our understanding of the factors that drive larval yellow perch growth in 
Lake Erie, I explored the effects of zooplankton prey abundance and thermal conditions on 
foraging and growth performance. Surprisingly, I did not observe a significant effect of growing 
temperature or preferred prey abundance on annual larval yellow perch growth rate. Instead, I 
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found that larval yellow perch growth rates were higher during years with cooler April 
temperatures than warmer ones. This finding suggests that increasing spring temperatures 
resulting from climate change (Hayhoe et al. 2010) could negatively affect larval yellow perch 
growth in temperate ecosystems such as Lake Erie. Below, I discuss these findings in more 
detail, including how they relate to understanding variation in yellow perch recruitment to older 
life stages. 
 Of the predictors included in my model, I was most surprised to find that preferred prey 
abundance was unrelated to larval yellow perch growth rate. Positive relationships between 
zooplankton prey density and larval yellow perch growth have been observed in both laboratory 
(Graeb et al. 2004, Fulford et al. 2006a) and field studies (Noble 1975, Mills and Forney 1981, 
Mills et al. 1989, Prout et al. 1990, Bremigan et al. 2003, Dettmers et al. 2003). The lack of 
relationship between preferred prey abundance and growth rates that I observed could 
conceivably result from a high abundance of zooplankton in Lake Erie, which could have 
functionally eliminated the dependency of larval yellow perch growth rate on variation in 
zooplankton abundance. Similar explanations have been proposed for the lack of relationships, 
and even negative relationships, between prey abundance and larval growth rates in other highly 
productive systems (Mooij et al. 1994, Kaemingk et al. 2014). However, I observed zooplankton 
densities in Sandusky Bay that were similar to those in Green Bay (Lake Michigan) during years 
when larval yellow perch growth rates were found to be related to prey abundance (Bremigan et 
al. 2003). Additionally, prey densities in Sandusky Bay were similar to those at which prey 
densities were shown to influence larval yellow perch growth rates in laboratory experiments 
(Fulford et al. 2006a). Therefore, it is unclear why I observed no relationship between prey 
density and yellow perch growth in Sandusky Bay. 
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 I was also surprised to find that annual average growing temperature was not positively 
related to annual larval yellow perch growth rate. Positive relationships between spring 
temperatures in the ranges that I observed and larval yellow perch growth have been documented 
in several ecosystems (Power and Heuvel 1999, Weber et al. 2011, Kaemingk et al. 2014). 
Similar relationships between temperature and growth have also been documented in countless 
other species (Dwyer and Piper 1987, Mooij et al. 1994, Claramunt and Wahl 2000, Del Toro-
Silva et al. 2008). However, it is not uncommon for larval yellow perch growth to be unrelated to 
water temperature. For example, larval yellow perch growth was unrelated to spring 
temperatures in Lake Huron (Henderson 1985) and in several Ontario lakes (Post and McQueen 
1994). This lack of consistency in the relationship between temperature and larval yellow perch 
growth among ecosystems suggests that other environmental attributes more strongly influence 
larval yellow perch growth than ambient temperature. Perhaps other factors associated with 
winter temperatures or April temperatures more heavily influence larval yellow perch growth 
rates in Sandusky Bay, masking the effects of growing temperature on larval growth rates.  
 Additionally, April temperature may be an indicator of annual variation in an aspect of 
the early-life environment that I did not include in my model. A variety of factors, such as 
predation, maternal effects, or competition, could have been correlated with April temperature. 
These factors could have overwhelmed the influence of both prey abundance and growing 
temperature on yellow perch growth and resulted in a spurious correlation between April 
temperature and yellow perch growth. One such factor that I did not consider in my model is 
predation. Predators tend to feed selectively on larval fish, especially small individuals, with 
size-specific predation patterns often varying among species and through time (Post and 
Prankevicius 1987, Miller et al. 1988, Rice et al. 1993a, Fulford et al. 2006b). Additionally, 
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effects of winter temperatures on fish populations are likely to vary among species (Shuter and 
Post 1990). Therefore, if April temperature is related to overwintering temperature, then I could 
expect to see variation in the relative abundance of predator species and size variation during 
spring, leading to variation in size-specific predation among years. However, to predict the 
relationship between April temperature and predation-driven variation in larval yellow perch 
growth rates, I would need to learn which fish species prey most heavily on yellow perch larvae 
in Sandusky Bay, which sizes of larvae are preyed upon most heavily, and how these predator 
populations are influenced by winter temperature. It would be worthwhile to explore this in the 
future. 
 Maternal effects associated with winter temperatures could also contribute to the negative 
relationship that I observed between April temperature and larval yellow perch growth rates. 
Winter duration and yellow perch egg size and quality during the following spring appear to be 
positively correlated in Lake Erie, translating into increased larval size at hatch and greater egg 
energetic content following long winters than following short winters (Farmer et al. 2015). Both 
of these advantages could enable yellow perch larvae to take advantage of a greater variety of 
prey soon after hatching, translating to faster growth (Hjort 1914, Schael et al. 1991, Farmer et 
al. 2015). If years with longer winters have cooler springs (Aprils), perhaps the negative 
relationship that I observed between April temperature and growth results from maternal 
influences. 
 Competition among larvae is a third factor that was not considered in my model which 
could have influenced growth rates. Larval yellow perch growth rates have been shown to be 
negatively related to larval fish density in many ecosystems (Henderson 1985, Post and 
McQueen 1994, Post et al. 1997, Irwin et al. 2009). Density-dependent larval growth could 
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result from competition for prey resources (Post and McQueen 1994). However, if competition 
for prey was occurring, I would expect to see reductions in preferred prey abundance during 
years when competition among larvae for prey caused reduced growth rate (Welker et al. 1994, 
Roseman et al. 1996). I did not observe a significant relationship between preferred prey density 
and larval yellow perch growth rates among years. Thus, competition among larvae for 
zooplankton prey likely did not contribute substantially to the lack of relationship I observed 
between yellow perch growth and both prey abundance and growing temperature. 
 Finally, the growth rate estimates that I calculated using weekly changes in average larval 
yellow perch TL may have been biased by variability in the timing of hatching and (or) growth-
dependent ontogenetic habitat shifts. Because yellow perch larvae in Sandusky Bay have a 
protracted spawning season (Ludsin 2000), young, small larvae may have entered the population 
after the first sampling date, causing growth to be underestimated. Similarly, it is possible that 
some individuals exited the sampled population before the end of the sampling season, becoming 
demersal or attaining swimming capabilities that enabled them to evade capture in surface-towed 
nets. The removal of these large individuals from the sampled population during the sampling 
season could have caused me to underestimate larval yellow perch growth. Additionally, 
selective predation upon either small or large larvae could remove individuals of certain sizes 
from the sampled population during the sampling season, biasing growth estimates (Rice et al. 
1993b).  
While my larval yellow perch growth estimates may have been biased by some 
combination of these aforementioned factors, they were similar to the average growth rates 
calculated for pelagic yellow perch larvae in two other ecosystems for which I found comparable 
data: Pelican Lake, Nebraska (Kaemingk et al. 2014) and Lake Michigan (Weber et al. 2011). In 
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Pelican Lake, growth rates estimated using changes in average larval yellow perch TL ranged 
from 0.09 to 0.50 mm/d during the early larval period and 0.09 to 0.39 mm/d during the late 
larval period (Kaemingk et al. 2014). In Lake Michigan, growth rates calculated using back-
calculated length estimates from otolith circuli ranged from 0.11 to 0.19 mm/d during the early 
larval period and 0.36 to 0.52 mm/d during the late larval period (Weber et al. 2011). Growth 
rate estimates from otolith circuli are unlikely to be biased by the same factors as growth rates 
estimated using differences in total length across weeks and may be more accurate for this reason 
(Francis and Campana 2004). Unfortunately, it was not feasible to estimate larval yellow perch 
growth from otoliths for my study, but doing so could be considered in any follow-up study. 
 In conclusion, environmental conditions during the larval stage appear important to 
yellow perch feeding and growth. However, neither prey availability nor temperature accounted 
for growth variation in the ways that I expected. The unexpected negative relationship between 
April temperature and larval yellow perch growth highlights the need for more work to 
understand the causal mechanisms. By better understanding this relationship, our ability to 
understand recruitment may increase, given the seeming dependence of recruitment of Great 
Lakes fishes like yellow perch on physical processes during early life (Ludsin et al. 2014). 
Continued research exploring how early-life conditions affect larval fish growth in Lake Erie and 
elsewhere could help to characterize the conditions under which system-specific responses may 
arise and offer insight into some of the less commonly recognized factors that regulate larval fish 
growth in other ecosystems. Such understanding should ultimately help researchers understand 






 I am very grateful for the mentorship that I have received from Zoe Almeida and Stu 
Ludsin throughout the course of this project. Their guidance made this project an educational and 
inspirational experience for me. They also made this project possible by providing access to the 
data and samples used.  
 I also thank the many research technicians and boat captains who spent countless hours 
collecting and processing samples for this project during recent years and during the 1990s.  
 Sources of funding for this research include 1) The Ohio State University Office of 
Undergraduate Research and Creative Inquiry (URAP scholarship), 2) appropriations made by 
the Ohio General Assembly to The Ohio State University, College of Food, Agricultural, and 
Environmental Sciences (SEEDS grant), and 3) support provided by the Federal Aid in Sport 
Fish Restoration Program (F-69-P, Fish Management in Ohio), administered jointly by the US 
Fish and Wildlife Service and the Ohio Department of Natural Resources, Division of Wildlife 





Auer, N. A. 1982. Identification of larval fishes of the Great Lakes basin with emphasis on the 
Lake Michigan drainage. Great Lakes Fishery Commission. 
Belore, M. 2020. Report of the Lake Erie Yellow Perch Task Group. Great Lakes Fishery 
Commission. 
Bremigan, M. T., J. M. Dettmers, and A. L. Mahan. 2003. Zooplankton selectivity by larval 
yellow perch in Green Bay, Lake Michigan. Journal of Great Lakes Research 29:501–
510. 
Briland, R. 2018. Evaluating the causes and consequences of ecosystem change in Lake Erie: 
From plankton to fish. Dissertation, The Ohio State University, Columbus, Ohio, USA. 
Brown, P. B., K. Dabrowski, and D. L. Garling. 1996. Nutrition and feeding of yellow perch 
(Perca flavescens). Journal of Applied Ichthyology 12:171–174. 
Chesson, J. 1978. Measuring preference in selective predation. Ecology 59:211–215. 
Claramunt, R. M., and D. H. Wahl. 2000. The effects of abiotic and biotic factors in determining 
larval fish growth rates: A comparison across species and reservoirs. Transactions of the 
American Fisheries Society 129:835–851. 
Confer, J. L., and G. J. Lake. 1987. Influence of prey type on growth of young yellow perch 
(Perca flavescens). Canadian Journal of Fisheries and Aquatic Sciences 44:2028–2033. 
Culver, D. A., M. M. Boucherle, D. J. Bean, and J. W. Fletcher. 1985. Biomass of freshwater 
crustacean zooplankton from length–weight regressions. Canadian Journal of Fisheries 
and Aquatic Sciences 42:1380–1390. 
Del Toro-Silva, F. M., J. M. Miller, J. C. Taylor, and T. A. Ellis. 2008. Influence of oxygen and 
temperature on growth and metabolic performance of Paralichthys lethostigma 
21 
 
(Pleuronectiformes: Paralichthyidae). Journal of Experimental Marine Biology and 
Ecology 358:113–123. 
Dettmers, J. M., M. J. Raffenberg, and A. K. Weis. 2003. Exploring zooplankton changes in 
southern Lake Michigan: Implications for yellow perch recruitment. Journal of Great 
Lakes Research 29:355–364. 
Dumont, H. J., I. V. de Velde, and S. Dumont. 1975. The dry weight estimate of biomass in a 
selection of Cladocera, Copepoda and Rotifera from the plankton, periphyton and 
benthos of continental waters. Oecologia 19:75–97. 
Durant, J., D. Hjermann, G. Ottersen, and N. Stenseth. 2007. Climate and the match or mismatch 
between predator requirements and resource availability. Climate Research 33:271–283. 
Dwyer, W. P., and R. G. Piper. 1987. Atlantic salmon growth efficiency as affected by 
temperature. The Progressive Fish-Culturist 49:57–59. 
Farmer, T. M., E. A. Marschall, K. Dabrowski, and S. A. Ludsin. 2015. Short winters threaten 
temperate fish populations. Nature Communications 6:7724. 
Francis, R. C., and S. E. Campana. 2004. Inferring age from otolith measurements: A review and 
a new approach. Canadian Journal of Fisheries and Aquatic Sciences 61:1269–1284. 
Fulford, R. S., J. A. Rice, T. J. Miller, F. P. Binkowski, J. M. Dettmers, and B. Belonger. 2006a. 
Foraging selectivity by larval yellow perch (Perca flavescens): Implications for 
understanding recruitment in small and large lakes. Canadian Journal of Fisheries and 
Aquatic Sciences 63:28–42. 
Fulford, R. S., J. A. Rice, T. J. Miller, and F. P. Binkowski. 2006b. Elucidating patterns of size-
dependent predation on larval yellow perch (Perca flavescens) in Lake Michigan: An 
22 
 
experimental and modeling approach. Canadian Journal of Fisheries and Aquatic 
Sciences 63:11–27. 
Graeb, B. D. S., J. M. Dettmers, D. H. Wahl, and C. E. Cáceres. 2004. Fish size and prey 
availability affect growth, survival, prey selection, and foraging behavior of larval yellow 
perch. Transactions of the American Fisheries Society 133:504–514. 
Hayhoe, K., J. VanDorn, T. Croley, N. Schlegal, and D. Wuebbles. 2010. Regional climate 
change projections for Chicago and the US Great Lakes. Journal of Great Lakes 
Research 36:7–21. 
Henderson, B. A. 1985. Factors affecting growth and recruitment of yellow perch, Perca 
flavescens Mitchill, in South Bay, Lake Huron. Journal of Fish Biology 26:449–458. 
Hjort, J. 1914. Fluctuations in the great fisheries of Northern Europe viewed in the light of 
biological research. Rapports et procès-verbaux des réunions 20:1–228. 
Houde, E. 2008. Emerging from Hjort’s shadow. Journal of Northwest Atlantic Fishery Science 
41:53–70. 
Houde, E. D. 1969. Sustained swimming ability of larvae of walleye (Stizostedion vitreum 
vitreum) and yellow perch (Perca flavescens). Journal of the Fisheries Research Board 
of Canada 26:1647–1659. 
Irwin, B. J., L. G. Rudstam, J. R. Jackson, A. J. VanDeValk, J. L. Forney, and D. G. Fitzgerald. 
2009. Depensatory mortality, density-dependent growth, and delayed compensation: 
Disentangling the interplay of mortality, growth, and density during early life stages of 
yellow perch. Transactions of the American Fisheries Society 138:99–110. 
23 
 
Kaemingk, M. A., B. D. S. Graeb, and D. W. Willis. 2014. Temperature, hatch date, and prey 
availability influence age-0 yellow perch growth and survival. Transactions of the 
American Fisheries Society 143:845–855. 
Kayes, T. B., and H. E. Calbert. 1979. Effects of photoperiod and temperature on the spawning 
of yellow perch (Perca flavescens). Proceedings of the World Mariculture Society 
10:306–316. 
Kayle, K. 2018. Report of the Lake Erie Yellow Perch Task Group. Great Lakes Fishery 
Commission. 
Kristiansen, T., K. F. Drinkwater, R. G. Lough, and S. Sundby. 2011. Recruitment variability in 
North Atlantic cod and match-mismatch dynamics. PLoS ONE 6:e17456. 
Livingstone, D. M., and A. F. Lotter. 1998. The relationship between air and water temperatures 
in lakes of the Swiss Plateau: A case study with paleolimnological implications. Journal 
of Paleolimnology 19:181–198. 
Ludsin, S. A. 2000. Exploration of spatiotemporal patterns in recruitment and community 
organization of lake erie fishes: A multiscale, mechanistic approach. Dissertation, The 
Ohio State University, Columbus, Ohio, USA. 
Ludsin, S. A., K. M. DeVanna, and R. E. H. Smith. 2014. Physical–biological coupling and the 
challenge of understanding fish recruitment in freshwater lakes. Canadian Journal of 
Fisheries and Aquatic Sciences 71:775–794. 
Mack, H. R., J. D. Conroy, K. A. Blocksom, R. A. Stein, and S. A. Ludsin. 2012. A comparative 
analysis of zooplankton field collection and sample enumeration methods. Limnology and 
Oceanography: Methods 10:41–53. 
24 
 
Mansueti, A. J. 1964. Early development of the yellow perch, Perca flavescens. Chesapeake 
Science 5:46–66. 
Marin Jarrin, J. R., T. B. Johnson, S. A. Ludsin, J. M. Reichert, and K. L. Pangle. 2017. Do 
models parameterized with observations from the system predict larval yellow perch 
(Perca flavescens) growth performance better in Lake Erie? Canadian Journal of 
Fisheries and Aquatic Sciences 75:82–94. 
Marin Jarrin, J. R., K. L. Pangle, J. M. Reichert, T. B. Johnson, J. Tyson, and S. A. Ludsin. 2015. 
Influence of habitat heterogeneity on the foraging ecology of first feeding yellow perch 
larvae, Perca flavescens, in western Lake Erie. Journal of Great Lakes Research 41:208–
214. 
Mccombie, A. M. 1959. Some relations between air temperatures and the surface water 
temperatures of lakes. Limnology and Oceanography 4:252–258. 
Miller, T. J., L. B. Crowder, J. A. Rice, and E. A. Marschall. 1988. Larval size and recruitment 
mechanisms in fishes: Toward a conceptual framework. Canadian Journal of Fisheries 
and Aquatic Sciences 45:1657–1670. 
Mills, E. L., and J. L. Forney. 1981. Energetics, food consumption, and growth of young yellow 
perch in Oneida Lake, New York. Transactions of the American Fisheries Society 
110:479–488. 
Mills, E. L., R. Sherman, and D. S. Robson. 1989. Effect of zooplankton abundance and body 
size on growth of age-0 yellow perch (Perca flavescens) in Oneida Lake, New York, 
1975–86. Canadian Journal of Fisheries and Aquatic Sciences 46:880–886. 
25 
 
Mooij, W. M., E. H. R. R. Lammens, and W. L. T. V. Densen. 1994. Growth rate of 0+ fish in 
relation to temperature, body size, and food in shallow eutrophic Lake Tjeukemeer. 
Canadian Journal of Fisheries and Aquatic Sciences 51:516–526. 
Murphy, H. M., G. P. Jenkins, P. A. Hamer, and S. E. Swearer. 2013. Interannual variation in 
larval abundance and growth in snapper Chrysophrys auratus (Sparidae) is related to prey 
availability and temperature. Marine Ecology Progress Series 487:151–162. 
Nassal, B., W. Burghard, and G. Maier. 1998. Predation by juvenile roach on the calanoid 
copepod Eudiaptomus gracilis and the cyclopoid copepod Cyclops vicinus: A laboratory 
investigation with mixed and single prey. Aquatic Ecology 32:335–340. 
Ney, J. J., and L. L. Smith. 1975. First-year growth of the yellow perch, Perca flavescens, in the 
Red Lakes, Minnesota. Transactions of the American Fisheries Society 104:718–725. 
Nicholls, K. H., and G. J. Hopkins. 1993. Recent changes in Lake Erie (north shore) 
phytoplankton: Cumulative impacts of phosphorus loading reductions and the zebra 
mussel introduction. Journal of Great Lakes Research 19:637–647. 
Noble, R. L. 1975. Growth of young yellow perch (Perca flavescens) in relation to zooplankton 
populations. Transactions of the American Fisheries Society 104:731–741. 
Post, J. R., and D. O. Evans. 1989. Experimental evidence of size-dependent predation mortality 
in juvenile yellow perch. Canadian Journal of Zoology 67:521–523. 
Post, J. R., M. Johannes, and D. J. McQueen. 1997. Evidence of density-dependent cohort 
splitting in age-0 yellow perch, (Perca flavescens): Potential behavioural mechanisms 




Post, J. R., and D. J. McQueen. 1994. Variability in first-year growth of yellow perch (Perca 
flavescens): Predictions from a simple model, observations, and an experiment. Canadian 
Journal of Fisheries and Aquatic Sciences 51:2501–2512. 
Post, J. R., and A. B. Prankevicius. 1987. Size-selective mortality in young-of-the-year yellow 
perch (Perca flavescens): Evidence from otolith microstructure. Canadian Journal of 
Fisheries and Aquatic Sciences 44:1840–1847. 
Power, M., and M. R. van den Heuvel. 1999. Age-0 yellow perch growth and its relationship to 
temperature. Transactions of the American Fisheries Society 128:687–700. 
Pritt, J. J., E. F. Roseman, and T. P. O’Brien. 2014. Mechanisms driving recruitment variability 
in fish: Comparisons between the Laurentian Great Lakes and marine systems. ICES 
Journal of Marine Science 71:2252–2267. 
Prout, M. W., E. L. Mills, and J. L. Forney. 1990. Diet, growth, and potential competitive 
interactions between age-0 white perch and yellow perch in Oneida Lake, New York. 
Transactions of the American Fisheries Society 119:966–975. 
Reichert, J. M., B. J. Fryer, K. L. Pangle, T. B. Johnson, J. T. Tyson, A. B. Drelich, and S. A. 
Ludsin. 2010. River-plume use during the pelagic larval stage benefits recruitment of a 
lentic fish. Canadian Journal of Fisheries and Aquatic Sciences 67:987–1004. 
Rice, J. A., T. J. Miller, K. A. Rose, L. B. Crowder, E. A. Marschall, A. S. Trebitz, and D. L. 
DeAngelis. 1993a. Growth rate variation and larval survival: Inferences from an 
individual-based size-dependent predation model. Canadian Journal of Fisheries and 
Aquatic Sciences 50:133–142. 
27 
 
Rice, J. A., Crowder, L. B., and K. A. Rose. 1993b. Interactions between size-structured predator 
and prey populations: Experimental test and model comparison. Transactions of the 
American Fisheries Society 122: 481–491. 
Roseman, E. F., E. L. Mills, J. L. Forney, and L. G. Rudstam. 1996. Evaluation of competition 
between age-0 yellow perch (Perca flavescens) and gizzard shad (Dorosoma 
cepedianum) in Oneida Lake, New York. Canadian Journal of Fisheries and Aquatic 
Sciences 53:10. 
Schael, D. M., L. G. Rudstam, and J. R. Post. 1991. Gape limitation and prey selection in larval 
yellow perch (Perca flavescens), freshwater drum (Aplodinotus grunniens), and black 
crappie (Pomoxis nigromaculatus). Canadian Journal of Fisheries and Aquatic Sciences 
48:1919–1925. 
Shuter, B. J., and J. R. Post. 1990. Climate, population viability, and the zoogeography of 
temperate fishes. Transactions of the American Fisheries Society 119:314–336. 
Weber, M. J., J. M. Dettmers, and D. H. Wahl. 2011. Growth and survival of age-0 yellow perch 
across habitats in southwestern Lake Michigan: Early life history in a large freshwater 
environment. Transactions of the American Fisheries Society 140:1172–1185. 
Welker, M. T., C. L. Pierce, and D. H. Wahl. 1994. Growth and survival of larval fishes: Roles 
of competition and zooplankton abundance. Transactions of the American Fisheries 
Society 123:703–717.  
28 
 
Table 1. Range of sampling dates for yellow perch larvae, mean (± 1 standard error, SE) April 
temperature (ºC), mean (± 1 SE) growing temperature (ºC), and number of larvae collected in 



















1994 5/3 6/22 10.4 ± 1.1 17.3 ± 0.8 1901 374 
1995 5/2 6/21 8.2 ± 0.8 18.2 ± 0.6 695 198 
1996 5/13 6/25 7.8 ± 1.0 19.3 ± 0.8 345 123 
1997 5/13 6/23 7.9 ± 0.9 15.6 ± 0.7 1116 121 
1998 5/6 6/9 10.0 ± 0.6 19.2 ± 0.5 1128 231 
2017 4/26 5/31 12.1 ± 0.8 14.5 ± 0.7 938 178 
2018 5/8 5/30 6.2 ± 0.9 19.4 ± 0.9 478 67 
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Table 2. Results from the general linear model examining the relationship between ambient 
cyclopoid density, ambient calanoid density, mean April temperature, and mean growing 
temperature and annual average daily growth rate of larval yellow perch in Sandusky Bay, Lake 
Erie, during spring 1994–1998, 2017, and 2018.  Significance tests were evaluated with an α = 
0.05. Bolded values indicate p-values < 0.05. 
 
Predictor tdf1,df2 p 
Cyclopoid density 3.901,2 0.06 
Calanoid density 1.061,2 0.40 
April temperature -5.141,2 0.04 
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Figure 4  
Larval yellow perch total length (mm) 
Larval yellow perch total length (mm) 
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Appendix A  
Table A1. Pearson correlation coefficient (r) describing relationships between year, average 
growth rate (mm/d) of larval yellow perch, overall cyclopoid density (individuals/m3), early 
cyclopoid density (individuals/m3), overall calanoid density (individuals/m3), late calanoid 
density (individuals/m3), mean April temperature (ºC), and mean growing temperature (ºC) 
during 1994–1998, 2017, and 2018. All collections were made in Sandusky Bay, Lake Erie, 
during the spring. Early and late prey density refers to abundance of those prey items during 
weeks before and after the median length of yellow perch larvae collected reached the total 
length cutoff for diet preference change (12.8 mm; Supplemental Fig. A1), respectively, whereas 
overall prey density refers to the ambient abundance of those prey items averaged across all 
weeks in which larvae were collected. 
 

















Year 1.00        
















-0.43 -0.22 0.38 0.49 0.90 1.00   
Mean April 
temperature 









Table A2. Pearson correlation coefficient (r) describing relationships between year, average 
growth rate (mm/d) of larval yellow perch, overall cyclopoid biomass (μg/m3), early cyclopoid 
biomass (μg/m3), overall calanoid biomass (μg/m3), late calanoid biomass (μg/m3), mean April 
temperature (ºC), and mean growing temperature (ºC) during 1994–1998, 2017, and 2018. All 
collections were made in Sandusky Bay, Lake Erie, during the spring. Early and late prey 
biomass refers to abundance of those prey items during weeks before and after the median length 
of yellow perch larvae collected reached the total length cutoff for diet preference change (12.8 
mm; Supplemental Fig. A1), respectively, whereas overall prey biomass refers to the ambient 
abundance of those prey items averaged across all weeks in which larvae were collected. 
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0.16 0.27 0.58 0.51 0.78 1.00   
Mean April 
temperature 
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Figure A1  
1. 
Year 
2. Largest bin 
of selection for 
cyclopoids 
3. Median larval YP 
length in largest bin of 
selection for cyclopoids 
4. Smallest bin 
of selection for 
calanoids 
5. Median larval YP 
length in smallest bin of 
selection for calanoids 
1994 8–11 9.8 14–17 15.7 
1995 8–11 9.5 14–17 15.9 
1996 N/A N/A 20–23 21.0 
1997 14–17 15.3 17–20 18.5 
1998 8–11 9.6 11–14 12.8 
2017 8–11 8.8 N/A N/A 
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